ABSTRACT
INTRODUCTION
Recently, several network blackouts have been related to voltage collapses. This phenomenon tends to occur from lack of reactive power support in heavily stressed conditions, usually triggered by system faults [1] . The reactive power support can be provided by special devices called as Flexible Alternating Current Transmission System (FACTS) devices. Moreover better utilization of the existing power system resources can be increased by installing FACTS controllers with economic cost [2] . The FACTS devices are the latest power electronics devices by which losses can be reduced and transfer capability can be enhanced [3] . The performance of FACTS devices mainly depends upon suitable location in the power network and its parameters [4] . Because of their adaptability and fast control characteristics, FACTS devices are capable of handling the active and reactive power control and can simultaneously maintain constant voltage-magnitude with in the acceptable range [5] . FACTS devices help in the improvement of system dynamic behaviour and enhancement of system reliability [6] .
Different kinds of FACTS devices are available and their different locations have varying advantages [7] [8] .
The FACTS devices such as Static VAR Compensator (SVC), Thyristor Controlled Series Capacitor (TCSC), Static Synchronous Series Compensator (SSSC), Static Synchronous Compensator (STATCOM), Unified Power Flow Controller (UPFC) and Interlink Power Flow Controller (IPFC) are available in the literature for power flow control in transmission systems [9] . The IPFC is a new and advanced FACTS device aimed at simultaneously controlling the power flow in multiline systems in a substation [10] . IPFC employs Voltage Source Inverter (VSI) as basic building block [11] [12] . Generally, it composes of two VSIs and these are able to transfer real power to any other line and thereby facilitate real power transfer among the lines, together with independently controllable reactive series compensation of each individual line [13] .
IPFC is presented as a power injection model and is implemented to study the effect of IPFC parameters on bus voltages, active and reactive power flows in the lines [14] [15] . The applications of IPFC to improve damping of the system are reported by few researches and they have applied IPFC to improve transient stability of power system [16] . It can also be utilized to compensate against reactive voltage drops and the corresponding reactive line power and to increase the effectiveness of the compensating system against dynamic disturbances [17] . The minimization of generation cost, transmission losses and maximization of the loadability of the transmission system can be achieved by optimally placing IPFC. Different operating conditions of the power system must be considered while determining the optimal choice and location of the power flow controller.
In this paper, the Fuzzy Logic (FL) and Particle Swarm Optimization (PSO) based hybrid technique proposed for optimizing the IPFC capacity and location. The capacity of IPFC is determined by FL controller and the optimal location of IPFC is determined by PSO. FL controllers are based on empirical control rules [18] . The FL Controller provides an algorithm which can convert the linguistic control strategy, based on expert knowledge, to automatic control strategies and replaces a skilled human operator [19] . One of the recently developed algorithms for optimization problems is PSO algorithm which inspired by ISSN 1335-8243 (print) © 2015 FEI TUKE ISSN 1338-3957(online), www.aei.tuke.sk the social behaviour of swarms (birds and fishes) [20] . Recent research works on FACTS controllers are illustrated in section 2. In section 3, the hybrid technique based on FL and PSO is described clearly. The results and discussion of the proposed work is given in Section 4. At last in Section 5, conclusions are provided.
MULTI-OBJECTIVE FORMULATION FOR PLACEMENT & SIZING OF IPFC
FACTS controllers are capable of controlling the network condition in a very fast manner and this feature of FACTS can be exploited to improve the voltage stability, steady state and transient stabilities of a complex power system. This allows increased utilization of existing network closer to its thermal loading capacity and thus avoiding the need to construct new transmission lines. Afore said benefits are achieved by optimally placing the FACTS devices in the transmission lines. The position of the FACTS device is decided such that it maximizes the distance between the current operating point and the faulted point of the power system. Voltage instability problem appears whenever any bus voltage deviates from its permissible limits. The permissible range of bus voltage is 0.95 p.u. to 1.05 p.u.. Both high voltage and low voltage results in undesirable service quality. The size/capacity of the FACTS device is also important parameter to consider because excess size will lead to extra cost as well as more total power losses. So, optimal placing and sizing of a FACTS device is multi-objective optimization problem which is based on voltage deviation of the violated bus and capacity of the FACTS device to be connected at that bus. Hence, here the first objective is to minimize the bus voltage deviation.
Minimum voltage deviation
Voltage deviation at a bus is the difference between the actual voltage and the possible limits at the bus. Voltage deviation is a constraint which helps in desirable improvement of the voltage profile of a transmission line. Excessively low voltages or high voltages at a bus can lead to an unacceptable service quality and can create voltage instability problems in the whole system. The mitigation of the voltage deviations can be effectively achieved by placing a FACTS device in the transmission line. The minimization of voltage deviation is formulated in equation
Where, and are the voltage magnitude and nominal voltage of ℎ bus and is the number of buses for which voltage limit is violated.
Minimum capacity of the FACTS devices
The capacity of the FACTS controller plays an important role in installation of it. This is because of their expensiveness than the conventional ones. Excess size of FATCS device will lead to the increment of total power losses. So, better performance of the transmission system can be drawn by keeping the exact size as per required. Therefore, the second objective function is to minimize the capacity of shunt FACTS device. It can be expressed as,
Where, is the capacity of the ℎ shunt FACTS device in p.u. and is the total number of shunt FACTS devices. For any optimization problem like IPFC placement in power system, certain constraints are required to be satisfied. These constraints are as described below.
Load constraint
Equality constraints of the problem are the active and reactive power balance equations. These are also called as load constraints and expressed in a compact form as,
Where is a vector of dependant variables consisting of slack bus power 1 , load bus voltages and generator reactive power outputs . is a vector of independent variables consisting of generator voltages , generator real power outputs , except the slack bus power 1 and shunt VAR compensations .
Operational Constraint
Inequality constraint of the problem are shown in below equation
Where, is the system operating constraint that includes generator voltages, their real and reactive power outputs and shunt VAR compensation. These are restricted by their limits as follows:
Where, and are the total number of generators and shunt compensators, respectively.
By Considering the objectives and constraints the problem of optimal placement and sizing of shunt compensation can be mathematically formulated as a nonlinear constrained multi objective optimization problem as follows: The multi-objective optimization problem is converted into a single objective optimization problem using fuzzy framework.
Based on the objective constraints, the permissible limits of values are used to find the capacity of the IPFC using FL controller. Then, the optimal location of IPFC is achieved by using PSO. After placing the IPFC in the transmission system, active and reactive power injected by it are analyzed using load flow analysis by NewtonRaphson method. IPFC injected power equations are given as follows:
Where: n, i, j, k = bus numbers Vn, Vi, Vj, Vk,= voltages at n, i, j and k th busses = bus voltage angle, is the bus voltage magnitude, is the angle of the injected voltage, is the magnitude of the injected voltage, is the imaginary part element in the admittance matrix, is the injected active power and is the injected reactive power. The detailed description of FL controller and PSO is given in the following section.
Fuzzy based Minimum Active Power Selection
FL controllers are rule based systems. The aim of fuzzy control systems is to replace a skilled human operator with a fuzzy (if-then) rules-based system and it doesn't need any mathematical expressions to represent system. Three building blocks of FL controller are fuzzification, inference system based on fuzzy rules and defuzzification.
Here, FL controller is used to compute the capacity of IPFC. The inputs are voltage deviation ranges i.e., minimum voltage deviation range and maximum voltage deviation range and are denoted as min and max respectively. The output of the FL controller is the capacity of IPFC and is denoted as .
The block diagram of the FLC is shown in Fig. 1 .
Fig. 1 Structure of Proposed Fuzzy System
The steps of fuzzy is described as following them.
Fuzzification
In Fuzzification, inputs and outputs are converted into fuzzy sets from crisp sets. Voltage minimum and maximum deviation ranges are given as inputs and output is capacity of the shunt IPFC. Here, these crisp sets are converted into fuzzy sets. The fuzzy membership functions used are triangular. These fuzzy triangular membership functions of inputs and output are shown in Fig.2 & 3 .
Fig. 2 Triangular membership functions of Voltage deviations

Fig. 3 Triangular membership functions of capacity
Based on the values of voltage deviation and capacity of IPFC, the 'If' 'then' fuzzy rules are generated.
Inference system
The next step of Fuzzification is inference system where a decision is taken. It depends on decision making rules and these are called as IF-THEN rules. Here, 'if' is condition statement and 'then' is conclusion statement. So, this system works on the principle that if antecedents condition is true then consequent condition runs. Based on membership functions and experts knowledge, 4*4 decision making rules are prepared. The listed rules are tabulated in Table I . From the listed rules, the voltage deviation and the corresponding IPFC capacity is determined. 
Table 1 List of IF-THEN Rules
Vmin Vmax Les s (L) Mediu m (M) Hig h (H) Ver y High (VH) Less (L) L M M M Mediu m (M) L M L H High(H)
Defuzzification
By using IF-THEN rules, capacity of shunt IPFC is obtained. But, it will be in fuzzy set. To convert it into crisp set we use defuzzification. Centroid is the defuzzification method used here. After defuzzification, capacity of the shunt IPFC to be placed in transmission system is obtained in MW.
After IPFC capacity selection, the next process is optimally locate the IPFC in transmission system. It is determined by particle swarm optimization algorithm. That will explain in the following section.
Optimal Placement of IPFC using PSO
Particle Swarm Optimization (PSO) is a technique used to explore the search space of a given problem to find the settings or parameters required to maximize a particular objective [21] . It is inspired by bird flocking and fish schooling intelligence and first described by James Kennedy and Russell C Eberhart [22] . The PSO algorithm is initialized with a population of random candidate solutions, conceptualized as particles. Each particle is assigned a randomized velocity and is iteratively moved through the problem space. It is attracted towards the location of the best fitness achieved so far by the particle itself and by the location of the best fitness achieved so far across the whole population.
Here, PSO is used to find the optimal location of IPFC controller to be placed for improving voltage profile and reducing total power losses by injecting real and reactive powers in the most voltage violated bus. Normally, PSO consists of four stages namely, generating initial particle, evaluation function, updating initial particle, and termination. The initial process of PSO is generating initial particles.
Generation of Initial Particle
The initial process in PSO is generation of initial particles. For optimizing the location of IPFC, we have to find the most voltage violated bus and the corresponding size of the IPFC controller. i.e., optimal location depends on the two parameters. They are voltage deviation of the violated bus and its capacity of IPFC. Let us initiate 'n' number of particles whose dimension is 2 i.e., we are considering the voltage violated buses and their corresponding IPFC capacities required.
Initialization of the particles is described as follows:
Where, is the population of the particles also known as swarm , is the ℎ particle of the swarm at ℎ iteration and it is a two dimensional particle( , ). Along with initialization of particles, we have to randomly select its current velocity( , ), best fitness value of its experience( , ), global best fitness value of any particle in the swarm( , ). After generating the initial particle, the next step is to evaluate the initial particle using the evaluation function.
Evaluation Function
Evaluation function is used in PSO to identify the best particle from the set of initialized particle. The evaluation function used in our method is shown below which is to be maximized.
Where, ( ), ( ) and ( ) are the fitness value, voltage deviation and IPFC capacity of the ℎ particle (violated bus). As the fitness function proportional to voltage deviation, the maximum fitness function valued particle is the most voltage violated bus.
Updating Initial Particle
Updating different particles in the system is an important process in PSO. In this stage, the initial particles generated and are updated and then the evaluation function is applied. The particles are updated using the equation given below, 
, +1 = , + , +1
Where, , +1 and , +1 are the ℎ particle updated velocity and position in the search space, and are the random number between   1 , 0 , and 1 , 2 are the learning factors. The next step after updating the initial particle is termination.
Termination
In the termination process, the optimal location of the IPFC controller to be placed is selected based on the maximum fitness valued particle in the swarm. By injecting the IPFC controller at that location, we analyze the system for better voltage profile, total power loss reduction and optimal allocation of real and reactive power for maximum power transfer capability. Flow chart for the implemented for PSO is shown in fig. 4 . By using the proposed hybrid method, the optimal location for fixing IPFC is identified using PSO and the corresponding capacity of the IPFC is computed by fuzzy logic. By fixing the IPFC in the optimal location and corresponding capacity using the fuzzy logic, the system voltage profile is improved, total power loss is reduced and the maximum power transfer capability is also increased.
Optimal Placement of IPFC using GA
Genetic algorithm (GA) is an optimization algorithm which is based on the genetic concept. At first different combinations of the chromosomes or the voltages are made and the active power flow in the system is calculated for different combination of chromosomes and the combination that gives the highest active power is determined. The similar process is repeated for getting different outputs by increasing the number of chromosomes. After analyzing the values of power calculated for each combination of chromosomes the genetic algorithm decides the line to which IPFC must be connected so as to increase the active power for balancing the power flow in the transmission lines. The GA-based proposed methodology is consisting of five major stages,  Initialization.  Applying fitness function.  Crossover.  Mutation.  Termination.
Initialization
Initialization process is nothing but the process of selecting the individual chromosome sets on the basis of the voltage deviation and the capacity of the IPFC. The selection is done in a random manner. It operates with a set of chromosomes called the binary strings. These set of chromosomes or strings is known as a population, and is put through the process of evolution to produce new individual strings. The size of the population depends on the nature and type of fault or disorder, but typically contains several hundreds and thousands of possible outputs. The initial population size is generated on the basis of population size.
Where: ( ) is the j th gene of the chromosome. Pp is the population pool. PL is the length of the chromosome.
Here, the target parameter is to obtain a better voltage profile by finding out the optimal location of the IPFC device to be placed on the transmission lines. Initialization is the first step for achieving this purpose. After the initialization process the fitness function is to be calculated.
Applying Fitness Function
The fitness function consists of the two important constraints the voltage deviation and the injection of active and reactive power. At First the feasibility of each generated chromosome is calculated and the fitness of the chromosome is determined by applying the fitness function. After the completion of initialization and generation of chromosomes the amount of power to be injected on each line to which the IPFC is connected is evaluated. Hence, fitness function calculation is an important criteria in finding out the. The amount of active power injection is calculated using the formulas given below,
Where, F is the fitness function, Vdevi is the voltage deviation, CIPFC is the capacity of IPFC. 
Crossover
In biological language, crossover means a genetically process which includes the mating of two parent chromosomes so as to produce an offspring. Here, the crossover is performed on different combinations of chromosomes at a crossover rate of Cr to obtain a child Xchild for every parent chromosome. This process is carried out basing on the set of genes present in each of the chromosomes.
Mutation
Mutation is a process through we can obtain a new generation from the best initial chromosomes. The chromosomes are mutated by random selection the genes at a mutation rate of Mr. After the generation of new individuals the best among them is selected. Mathematically, the mutation rate is defined as the ratio of mutation point to that of the chromosome length, it can be shown below,
= ⁄
Where, is the mutation rate, is mutation point, and is the chromosome length.
Termination
The above steps are repeated until and unless a maximum possible number of iteration is reached. After that a final best chromosome is determined from the set of chromosomes based on its fitness value. This selected chromosome indicates the combination of buses to which the IPFC device be connected. Finally, the optimal fitness values all buses are obtained in terms of voltage deviation and capacity of IPFC. The obtained optimal fitness values are expressed as following them. 
The above equation is the maximum fitness function of voltage deviation and capacity of IPFC. From the maximum fitness function, the optimal location of IPFC is determined in which bus has maximum fitness value that, bus is the optimal bus for connecting IPFC. According to that, the IPFC is connected and the capacity of IPFC is determined from the fuzzy controller. Based on the capacity of IPFC, the active power is injected to the identified bus and the voltage stability, loss and active power improvements of the system is analyzed by load flow analysis.
RESULTS
The proposed hybrid technique based on FL Controller and PSO was implemented in MATLAB working platform.
Then, the performance of proposed work was tested with IEEE 30 bus transmission system. Initially, the voltage deviation is analyzed from the 30 bus system data set. The voltage deviation was computed by the voltage varied from its nominal voltage i.e. slack bus voltage (1p.u.). The voltage deviation was divided into two ranges based on its maximum and minimum values. According to this deviation range, the capacity of IPFC was determined by the FL controller. Here, the Mamdani type FL controller is used to select the capacity of IPFC and the Centroid method was used for defuzzification. The structure of IEEE 30 bus system is shown in Fig. 5 .
In IEEE 30 bus system, the bus 1 is selected as the slack bus, bus number 2, 6, 13, 22 and 27 are generator buses and the other buses are the load buses. From the load buses, the optimal location of IPFC is determined by PSO. Location of the IPFC is based on maximum fitness valued particle in PSO. Because maximum fitness valued bus is the most violated bus in the system. So, it is the optimal bus for connecting IPFC. The optimal bus could be varied due the random initialization of particles in PSO. The optimized bus and the corresponding voltage deviation, capacity of IPFC and the fitness function are tabulated as in Table II . Fig. 7 & 8 respectively. In Fig. 7 , comparison of bus voltage magnitude of the system with and without IPFC at bus 12 using FL-GA and FL-PSO techniques. Similarly, in Fig. 8 , comparison of bus voltage magnitude of the system with and without IPFC at bus 14 using FL-GA and FL-PSO techniques. The performance of IPFC at bus 12 & 14 with proposed technique are compared with SVC and is illustrated in Fig. 9 . The voltage magnitude comparison table is given in Table III .
From Fig. 7 and 8, we can say that the voltage profile of IEEE 30 bus system is improved by the proposed hybrid technique based on FL-PSO. Before connecting IPFC in the system, the voltage at bus 12 and 14 are 1.0572p.u. and 1.0414p.u. and after connected IPFC at bus 12, voltage profile improvement is moved to 1.0553p.u. and 1.0394p.u.. Similarly, after IPFC connected at bus 14, the voltage profile improvement moved to 1.0536p.u. and 1.0369p.u.. When compared to SVC connected in the system, from Fig. 9 , it says that the voltage profile is much deviated from FL-PSO method. And the power loss of the system is reduced from 10.809 MW to 6.9722 MW and 10.537 MW due to IPFC at bus 12 and 14 respectively. The performance of power loss is illustrated in Fig. 10 .
CONCLUSIONS
The proposed hybrid technique was implemented in MATLab working platform and tested with IEEE 30 bus system prototype. In the proposed hybrid technique, the optimal location of IPFC was determined by PSO algorithm and FL was used to determine the capacity of the IPFC. Optimal location of IPFC was determined based on fitness value due its most violated voltage. Maximum violated bus would be having maximum fitness value. Capacity of the connected IPFC was computed by FL based maximum and minimum voltage deviation ranges. So, FL determines the injected capacity of IPFC to be connected. After injected the active power, apply power flow analysis by NewtonRaphson method. Then, the real and reactive power of the system was analyzed; voltage stability and power loss of the system was also analyzed. Bus voltages stabilities were compared when no FACTS device, IPFC connected at bus 12 and 14 with FL-GA and FL-PSO methods. And IPFC at bus 12 and 14 using FL-PSO and SVC connected alone simulations were also compared. From these comparisons, simulation results showed that the proposed method has maintained better voltage stability. Hence, the proposed hybrid technique based on FL-PSO is better for maintaining power system voltage stability and reduced total power losses. 
